Magnetic helices and skyrmions in noncentrosymmetric magnets are representative examples of chiral spin textures in solids. Their spin swirling direction, often termed as the magnetic helicity and defined as either left-handed or right-handed, is uniquely determined by the Dzyaloshinskii-Moriya interaction (DMI) in fixed chirality host crystals. Thus far, there have been relatively few investigations of the DMI in metallic magnets as compared with insulating counterparts. Here, we focus on the metallic magnets Co 8−x Fe x Zn 8 Mn 4 (0 ≤ x ≤ 4.5) with a β-Mn-type chiral structure and find that as x varies under a fixed crystal chirality, a reversal of magnetic helicity occurs at x c ∼ 2.7. This experimental result is supported by a theory based on first-principles electronic structure calculations, demonstrating the DMI to depend critically on the electron band filling. Thus by composition tuning our work shows the sign change of the DMI with respect to a fixed crystal chirality to be a universal feature of metallic chiral magnets. 
; at a critical composition x c ∼ 0.8, D is almost zero and the magnetic ground state is nearly ferromagnetic (q ∼ 0) rather than helimagnetic. In Fe 1−x Co x Ge [21] , the sign reversal of D is reported to occur around x c ∼ 0.6. Theoretically, it was a challenge to describe the DMI on the long-period, smoothly varying magnetization textures, particularly in the B20-type metallic magnets. Recently, however, there has been a significant progress in the theoretical approaches, such as those based on the total energy of spin spirals [23] [24] [25] , tight-binding representation [26] , Berry phase [25, 27, 28] , multi-scale approach with energy mapping [29] , spin susceptibility [30] , or spin current [31] formulations. Promisingly, the aforementioned variation in DMI accompanied by sign reversal can be understood in terms of a change in band filling of 3d orbitals [25] within a complex electronic structure with multiple band-anticrossing points [30, 31] . Nevertheless, it remains elusive whether such a sign change in DMI may take place universally in other metallic magnets with different chiral crystal structures and moreover with higher T c s that lie closer to room temperature.
In this paper, we report experimental and theoretical investigations of β-Mn-type Co-Fe-ZnMn alloys, and reveal how the DMI varies as a function of band-filling in a class of metallic chiral magnet very much distinct to the B20-type compounds.
Co-Zn-Mn alloys crystallize in a β-Mn-type chiral cubic structure with a space group P 4 1 32 or P 4 3 32, where 20 atoms per unit cell are distributed over two Wyckoff sites (8c and 12d) [32, 33] , as illustrated in Figs. 1(a) and (b). Recently, Co-Zn-Mn alloys have been found to host DMI-induced helices and skyrmions at and above room temperature [34] . Mn-free Co 10 Zn 10 shows a helimagnetic state with λ ∼ 185 nm below T c ∼ 460 K, and both λ and T c decrease as partial substitution of Mn proceeds. In Co 8 Zn 8 Mn 4 (λ ∼ 120 nm, T c ∼ 300 K), a SkX state forms at room temperature under magnetic fields as an equilibrium state, and over a much wider temperature and field region as a metastable state [35] . Further increasing the Mn concentration suppresses the helimagnetic state, and instead promotes a spin glass state, probably due to frustrated antiferromagnetic correlations of Mn moments [36] . While it was reported that D in Co 8 Zn 8 Mn 4 and Co 9 Zn 9 Mn 2 are several times smaller than that in FeGe [37] , no systematic investigation of the DMI as a function of band filling has been performed yet.
Here, we target the Fe-doped system Co 8−x Fe x Zn 8 Mn 4 , where a single Fe substitution for a Co corresponds to removing one electron per unit cell from the system. Bulk samples were successfully synthesized while keeping the β-Mn-type structure and spatial homogeneity of rectangular shape with a size of ∼ 2 mm × 1 mm × 1 mm for magnetization, ac susceptibility Magnetization and ac magnetic susceptibility measurements were performed using the vibrating sample magnetometer (VSM) mode and ac susceptibility measurement mode, respectively, of a superconducting quantum interference device magnetometer (MPMS3, Quantum Design). For the ac susceptibility measurement, ac excitation field with 1 Oe and 193 Hz was applied parallel to static magnetic field.
C. SANS
SANS measurements were performed using the instrument SANS-I at the Paul Scherrer Institute, Switzerland. Neutrons with a wavelength of 12Å were collimated over 18 m before the sample. The scattered neutrons were counted by a two-dimensional position-sensitive multi-detector located 20 m behind the sample. The samples were mounted on aluminum plates, and installed in a horizontal field cryomagnet. The cryomagnet was rotated (rocked) around the vertical axis in the range from −10
• to +10
• (1 • step) in the magnetic field (H) ⊥ beam geometry. The SANS images shown in Supplementary Fig. S2 were obtained by summing multiple SANS measurements obtained over the above rocking scans. For Co 8 Zn 8 Mn 4 , the same SANS data as our previous measurement [35] were used.
D. CBED and LTEM
For determination of the crystal chirality, CBED measurements were performed at room temperature with a transmission electron microscope (JEM-2100F) at an acceleration voltage of 200 kV. Convergent-beam electrons were incident along the [120] direction, and diffrac-tion patterns containing the first-order Laue zone were obtained by a charge-coupled device camera. For the simulation of CBED patterns, the MBFIT software [38] was used.
For determination of the magnetic helicity, LTEM measurements were performed with the same specimen and the electron microscope as used in the CBED measurements. A magnetic field was applied perpendicular to the specimen plate and its magnitude was controlled by tuning the electric current of objective lens. Magnetic contrasts of skyrmions were observed as convergences (bright contrast) or divergences (dark contrast) of the electron beam on the defocused image planes.
E. Theoretical calculation
Electronic structure calculations for a hypothetical model material, Co 8 Zn 12 , were performed within the generalized gradient approximation [39] in the framework of the density functional theory as implemented in the quantum-ESPRESSO code [40] . For defining the crystal geometry, the experimental structure of Co 8 Zn 8 Mn 4 was adopted. The DMI was calculated through spin current [31] , which was computed using interpolated electronic structures obtained by Wannier function technique [41] . The size of the spin-orbit couplings was confirmed to be sufficiently small so that the spin current is determined by the first order of the spin-orbit coupling [42, 43] . Carrier density dependence is discussed within the rigid-band picture. K and a gradual reduction upon cooling below ∼ 120 K, the latter of which corresponds to an increase in helical q as explained in the next section. A sharp drop of M around 10 K observed only in the data taken in a field-warming process after a zero-field cooling (ZFC) is due to a reentrant spin-glass transition [36] . For x = 3 with T c ∼ 230 K, on the other hand, while a sharp change in M due to a spin-glass transition is observed in the ZFC curve, the gradual decrease around 100 K is not. For x = 4.5, the M again shows a gradual reduction below T c ∼ 135 K on cooling. Magnetization data for all the measured samples are presented in Supplementary Fig. S3(a) , showing a systematic thermal variation with the change in x.
In Figs. 2(d-f) , the real part of ac susceptibility (χ ′ ) around T c is plotted against H for x = 0, 3 and 4.5. In x = 0 and 4.5, the slope of χ ′ at low fields is positive, and clear dip structures, corresponding to a SkX state, are observed near T c . In x = 3, on the other hand, the slope of χ ′ at low fields is negative, and no dip structure ascribable to a SkX state is discerned at any temperature.
H-T phase diagrams based on χ ′ for x = 0, 3 and 4.5 are shown in Fig. 2(g-i) , respectively, and those for all the measured samples in Supplementary Fig. S4 . The equilibrium SkX phase near T c systematically changes with increasing x; the SkX phase shrinks as x is increased from 0 to 3, completely disappears at x = 3, then reappears and expands as x is further increased from 3 to 4.5. These results are reasonably understood if the zero field helimagnetic state is suppressed in favour of a near ferromagnetic state as x approaches 3.
B. Determination of helical wavevectors
To determine helical periodicity in Co 8−x Fe x Zn 8 Mn 4 , we performed SANS measurements.
As displayed in Supplementary Fig. S2 , clear Bragg spots described by helical wavevectors q were observed in the q x -q y plane below T c at H = 0. Figure 3 (a) shows azimuthal-angleaveraged SANS intensity as a function of |q|(= q) for all the measured samples at 150 K (120 K for x = 4.5) and 50 K (40 K for x = 0). At 150 K (or 120 K), as x is increased from 0 to 3, the Bragg peak systematically shifts to lower q, and then back to higher q as x is further increased from 3 to 4.5. For x = 3, we observed no peak structure within the detectable q range (0.01 nm −1 < q < 0.14 nm −1 ), but only the tail of a peak centered at q ∼ 0. By fitting the peaks to a Gaussian function and plotting the peak center against x as a helical q in Fig. 3 (b), we observe clearly a characteristic V-shaped curve as previously reported for [19] and Fe 1−x Co x Ge [21] . On the basis of the available data points, the q value is expected to be zero at x c ∼ 2.7. The helical periodicity λ is also plotted against x in Fig. 3(b), confirming the divergent behavior around x c .
As displayed in Fig. 3 (a), as the temperature is lowered to 50 K the Bragg peaks shift to higher q and become weaker and broader than at 150 K for all x, except for x = 3.
The detailed temperature dependence of helical q is shown in Supplementary Fig. S3 (b).
A comparison between M and q indicates that the gradual reduction of M below 120 K correlates with the increase in q, except for x = 3.
By applying a transverse magnetic field, the positions of the Bragg spots are switched so that their wavevectors become aligned with the field direction, which corresponds to the transition from a helical multi-domain state (q 100 ) to a conical state (q H) (Supplementary Fig. S2 ). Note that for x = 3, Bragg spots are never observed at any temperatures and any magnetic fields in the detectable q range in this transverse configuration. These SANS results confirm that the magnetic state in x = 3 is nearly ferromagnetic rather than helimagnetic, in good agreement with expectation according to the results of magnetization measurements.
The T -x phase diagram determined from the magnetization and SANS measurements is shown in Fig. 3 (c). The magnetic phase below T c can be described as consisting of two helimagnetic regions at 0 ≤ x < x c and x c < x ≤ 4.5 and a nearly ferromagnetic region at In Table 1 Supplementary Fig. S6 ), and hence alters the electronic structure in addition to the change in electron density and atomic spin-orbit interaction.
To evaluate the DMI theoretically, we performed ab initio electronic structure calculations for a hypothetical model material Co 8 Zn 12 [32] , where 8c and 12d sites are assumed to be fully occupied by Co and Zn, respectively. As shown in Supplementary Fig. S7 , the relevant states near the Fermi level are mainly due to the Co-3d band. By using the spin-current formula described in Ref. [31] , D is theoretically calculated and plotted as a function of electron band filling in Fig. 5(b) . As the carrier density falls, which corresponds to the partial substitution of Fe for Co, D decreases and its sign reversal occurs at around −4 electron/cell.
Upon increasing the carrier density, which corresponds to the partial substitution of Ni for Co, the sign reversal of D also occurs, but at as large as +7 electron/cell. These theoretical results qualitatively reproduce the experimental results presented in Fig. 5(a) . Therefore, band filling by the theory using a spin-current formulation and first-principles electronic structure calculation. Band anticrossing points near the Fermi level within a complex band structure likely play an important role on these observations, as emphasized in Ref. [30] .
The present study demonstrates that the DMI is controlled by the change in band filling and that in principle the sign reversal of DMI universally occurs in metallic chiral magnets with easily tunable band filling. Our observations provide a promising route for tailoring both the size and helicity of skyrmions, and may inspire novel ideas for applications based on designed compositional gradients and that enable the local control of the DMI strength at the nanoscale.
direction. Two enantiomers with space group P 4 3 32 and P The calculated band structure and density of states are shown in Supplementary Fig. S7 .
served irregularly in terms of azimuthal-angle position and the number (2 or 4), depending on the compositions. This is because helical-q domains also appear to be large, and preferred helical-q orientation is along <100> directions in this system, but the orientation of crystalline axes was not aligned to horizontal nor vertical direction in this measurement. SANS intensity integrated over full azimuthal-angle region is shown as a function of |q|(= q) in Fig. 3(a) in the main text. When a transverse magnetic field (H) is applied, SANS patterns change to 2 horizontal spots, which corresponds to the transition from a helical multi-domain state (q <100>) to a conical state (q H). Bragg spots both for helical and conical states shift to lower q region as x is increased from 1 to 3, and to higher q region as x is further increased from 3 to 4. to an increase in q. As x = 3 is approached, the gradual reduction in M becomes weaker and completely disappears for x = 3, which is in good accord with nearly zero q-value, i.e.
nearly ferromagnetic, in the whole temperature range for x = 3. Reentrant spin glass transitions, as identified by the rapidly reduced M below ∼ 10 K observed only in a field-warming process after zero-field cooling (ZFC), are discernible in all the compositions, including x = 3, and thus independent of the ordered states, i.e. helimagnetic or ferromagnetic, at higher temperatures. 
